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ABSTRACT 
A generalised overview of the linear sweep voltamme!ric (LSV) simulation of adsorption model (AM) and 
nucleation-growth-overlap model [NGOM) is presented, along with the numerical simulation of LSV 
response for the combitled model. The numerical simulation indicates that separate voltammetric peaks 
may not be obtained if the surface sites are uniform and no heterogeneity effects are introduced by the 
surface coverage. However, some specific features of th surface coverage may be used to distinguish this 
model from AM to NGOM. These aspects are discussed in detail. 
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A lthough the nature of the electrode material can influence the kinetics of many electrochemical processes, monolayer formation processes 
offer a unique opportunity to study the influence of electrode surface in 
detail. A metal ion such aa pb2+ on reduction at a noble metal such aa Pt can 
form a monolayer film of Pb atoms on Pt surface. This deposition process 
takes place at potentials much more positive than the bulk deposition poten- 
tials. This positive shift due to the thmnodynamic stability may be aa high 
aa 400mV or more. Many other metal ions such aa bismuth, thallium, cad- 
mium and zinc may form such monolayen on more noble metal substrates 
such aa Cu, Ag, Au or Pb (1 - 41. Hydrogen also can form a monolayer on sub- 
strate metals such aa Pt and Rh [S - 81. OH- oxidation on practically all 
noble metals can form M - OH as well aa MO layen at distinct potential 
regions much more negative than bulk oxidation or oxygen evolution region 
1.5-81. 
Studies on such monolayen can result in uvful correlation between the 
nature of electrode material (say work function) and their electrochemical 
behaviour (say difference between monolayer and bulk deposition potential) 
[I]. These monolayers can also play a very important role in improving the 
electrocatalytic behaviour of the substrate metals. 
Linear sweep voltammetry (LSV) and cyclic voltunmetry (CV) have 
been extensively used to characterise thin monolayer formation and dis- 
solution. The monolayer formation may proceed at random on the aubstrate 
lattice. This mode of monolayer formation is termed aa adnorption model 
(AM) and most of the H and 0 monolayer [5 - 81 and some metal monolaya 
formation [I - 2) studies presume this model. However, there are aome clear- 
cut evidences from chronoamperometry that the monolayer formation 
proceeds via formation of (two dimensional) nuclei of a certain size followed 
by lateral growth up to overlap of these centns [3 -4). This model is called 
the nucleation-growth and overlap model (NGOM). Theoretical derivationa 
numerical simulations for LSV technique have been derived from both AM 
19-11] and NGOM [12-151 and reviewed mently (161. 
Monolayer formation haa in fact been thought to take place 
simultaneously by both random adsorption and nucleation growth 1171. We 
may term this model aa the combined model (CM). The above work 117) 
p-ta some intereating chronoamperometric curves generated by thin 
model. However, no LSV wlution to this model waa attempted. 
We first present the current-potential expmsiom for the three models in 
a unified manner (Section 2). This is followed by the numerical solutiom to 
thebe three models (Sec. 3). Since the differentiation between AM and 
NGOM haa already been dealt with (151 we will only d i ~ u s s  the distinct 
features of CM in detail. 
t . THE MODEL 
Let us presume, for an oxidation procar, that the monolayer M -A on a 
metal substrate M is formed by a one-electmn oxidation of anion A- 
according to 
(1 - s )  (s )  . . (NGOM) 
This oxidation process can take place only on the free surface of the 
metal M [9 - IS]. We denote the fraction of the surface covered by adsorption 
aa X and the fraction of the surface covered by NGOM aa S. Hence the unco- 
vered fraction of the surface in the AM is (1 - x). We also presume for simpli- 
city that the symmetry factor for the electrochemical reaction (1) is 0.5. Now 
we shall write down the current potential relations for the three models. 
2.1 The adsorption model 
The current at any time t is proportional to the surface coverage at that time 
and hence 
where i, is the current due to adsorption, q,, is the charge required for the 
monolayer wverage and dX/dt ia the mte of change of surface coverage 
which in given by 
where k; and k, are the adsorption and desorption rate constants of reaction 
(I), Ca - is the concentration of the anion A-, q is the potential at any time t 
and is given by 
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since E, is presumed to be zero in the present work and v is the sweep rate in 
volt sec '. In eq. (3) b = RT/PF, where P is the symmetry factor presumed to 
be 0.5 and g is the lateral interaction parameter of the adsorbed species. A 
positive value of g is assumed for attractive interaction. It may be noticed 
that kb and k, have dimerent units in eq. (3). However, if we assume that CA- 
is unity (101 and khCA = k,, we obtain a much simpler expression for 
dX/dt. 
Equations (2) and (5) may be solved to obtain the current-potential 
expression for adsorption models. 
2.2 The nucleation-growth overlap model 
As in the adsorption model, the current at any time, t is given by 
where q,,,,, is the maximum charge required for surface coverage. In the 
present model. I~owever, the function dS/dt cannot be written in a straight- 
forward manner as in AM (Sec. 2.1). We must model nucleation, growth and 
overlap independently to obtain the final expression for dS/dt. 
2.2.1 Rate of nucleation 
The rate of nucleation or the number of nuclei (N) formed at any time t 
would be a function of surface coverage S at that time and the potent~al 
dN = f (s, q,  t) 
d t  
In the earher works on NGOM [7 - H ]  the nucleation rate was presumed 
to be independent of surface coverage. The need to include the factor as a 
I I  -S) term in the nucleation rate expressions has been noted 113). There 
were some interestmg discussions on this point (18-201. However, it is 
agreed that a more general nucleation rate expression must be considered 
[21] whereever the nucleation rate constant is very slow. However, if the 
nucleat~on rate is ver) fast (instantaneous nucleation) we may write 
In the present work, we nil1 consider only this instantaneous nuclmtion 
case. In the above expression N,, is the number of active centres. 
2.2.2 Growth of lone centers 
bring monolayer formation by NGOM, it is assumed that the nuclei grow 
adially. Hence, the gron th rate is related to the rate of change of radii of the 
ctive centres with time. The rate expresiion normally employed is 
12,14,15] 
(here M is the molecular weight: Q is the density and kb, is the growth rate 
onstant. However, it would be more convenient to employ the expression 
1x1. 
In this expression a has the dimension of length and is given by 1 1 4 ~ ~  
,here NT is the total number of substrate atoms present per square 
entimeter of surface area. Following the above work ( 1  31 we assume that 
I-,. = 101.'/cm2 which gives an a value of Xl( i2x 10 ' crn and q,,. of I60 
pdcm2. We also assume that each active nucleus contains only one atom 
1131. Larger size nuclei would not change the qualitative behaviour of the 
simulated curves [I 31. 
From the radial growth rate (eq. 10) we can obtain the area of each 
nucleus at any time as 
The extended surface area S, of all such nuclei may be obtained by 
combining nucleation rate and growth rate as, (14) 
For instantaneous nucleation, using equations H, 10, 12, n e  ob ta~n ,  
where V = L a n d  B = No 
2b 
2.2.3. Real area of growth 
When two growing centres contact each other, no further growth process car 
takeplace beyond thecontack pointsofgrowingcentres. However, mathema 
tically this actual growth area (S) can be calculated from the total area o 
growth of centres S,. This may be done by various methods 122. 231. Hott 
the approaches have recently been proved to be phvsically equivalent 114 1 
Using one of the expressions 1221 n e  ma\ \%rite 
S = l - exp ( S,) . . ( I  0 
and hence 
Using equation (1 7) In equation ( I  0) nhere S .  I S  @en by equation ( I  5 )  
we may obtain the current potential relation from NGOM. 
, ' 
2.3. Combined model 
In the combined model the total cufrent would be equal to the current due to 
adsorption process (i,) and nucleation process ( i n )  I171 
The dS/dt is agian given by the NGOM expression given earlier (Sec. 
2.2.2.). The dX/dt expression would be slightly modified since the fraction S 
of the surface covered by nucleation also nould not be available for gronth 
and hence instead of equation (5) we write. 
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The pseudocapacitance [lo] may be calculated from i, using the 
xpression 
For each time t, S, was calculated using eq. (15). Eq. (16) then gives S. 
rhis allows eq. (20) to be solved by Runge Kutta 4th order differential 
nethod, numerically. Using this value and dS/dt value obtained from (1 7) 
ve may obtain i using (19). Cgis then calculated using (21). In all these 
:alculations q,,,. = q,,, = 160pc/ cm2 was assumed. l / b  value at 25°C 
vas 19.48 V smce B was assumed to be 0.5. Hence the variable parameters 
n the models were k, and g from the adsorptio,n model, kg and No in the 
UGO Model and the sweep rate v, the experimental parameter of the U V  
echnique. 
The complete program (in BASIC) used in'the numerical simulation 
uork is given in Appendix I. 
3. RESULTS AND DISCUSSION 
4s discussed earlier eq- (19) is the most general model for monolayer 
brmation. By proper choice of k,, kg, g, N. and v, however, we can evaluate 
ndividual models and thr influence of model parameters. In the following 
we shall discuss LSV characteristics of AM (Sec. 3.1), NGOM (Sec. 3.2) the 
~nfluencr of sweep rate on AM and GM (Sec. 3.3) and finally the CMF (Sec. 
3.4) 
3.1. Adnorption model 
rhe LSV characteristics of AM may be obtained when No and/or kg is taken 
to be zero. The U V  behaviour is now controlled by two model parameters 
k, and g. 
The influence of k, on U V  behaviour is presented in Fig. 1 a. 
5 f igd I c I NUCLEATION YODEL 
Fig. 1 : a) Influence ol k, on LSV behaviour. AM. 
NO. = 1 012 cm+; kg = 0; 'g = O; v = 1 ~ s e c - '  
Fig 1 : b) lnlluence of k, on LSV behavlour. CM. 
NO. = 1 012 cm+ kg = 1 o-= sec-I; g = 0; v = 1 ~ sec - I  
Fig. 1 : c) lnlluence of k, cn LSV behavlour. NGOM. 
NO. = 1 0 ' ~  cm+: k, = 0; g = O; v = 1 ~sec - '  
When k, value is greater than 102sec-I, the increasing portion of the 
voltammogram is not noticed. The current maximum occurs when q = 0 or 
the system behaves reversibly. When k. < 1 the pseudo capacitance (c@) 
becomes independent of sweep rate and the peak potential shifts by 
approximately 118mV per decade change of k, (Fig. l a  and Table 1) 
Table I : Influence of k, on the LSV behaviour 
. Adsorption effect only. No = 0, kg = 0, g = 0, v = 1 
ka ipx lo4  cDx104 E~ (X + S) at E~ 
sec 
- 1 
Amp Farad Volt 
lo2 NO peak 
10-1 17.30 17.30 0.04 0.416 
1 12.08 12.08 0.155 0.629 
lo-' 11.52 11.52 0.27 0.624 
lo-2 11.46 11.46 0.39 0.638 . 
1 1.45 11.45 0.505 0.615 
When lo2 > k, > 1 the system shows quasireversible behaviour. In the 
earlier works of simulations [lo, 111 similar voltammetric behaviour is 
reported. However, these works have dimensionless parameters as the 
variable. The present work hence probably suggests the real limits of the k, 
values where reversible, irreversible and quasireversible behaviour is 
noticed. 
The influence of g on the LSV bahaviour is presented in Fig. 2 fo r a k, 
value of 1. 
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Fig. 2 : lnlluence of g on LSV behaviour. AM 
No = k, = 1 sec-'; k g  = 0; v = 1 vsec-' 
The positive g values corresponding to attractive lateral interactions shift 
the peak potential to positive values and the peak current also increases 
(Table 11, figure 2). The half peak width also decreases substantially with 
lateral attraction between adsorbates. Another characteristic feature is that 
the surface coverage at Ep (X value: is greater than 0.66 for attractive inter- 
actions. In this respect as well, the present work agrees with the earlier 
simulation work [lo]. 
3.2 Nucleation - growth-overlap model 
The U V  charac~eristics of NGOM may be obtained from the general 
expression (eq. 19) when k, is taken to be zero. The voltammetric behaviour 
is then controlled by. kg and No. 
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Table I1 : lnfluence of g on the  voltammetric behaviour 
Adsorption effect only. No = 1 012, k, = 1 ,  k, = 0,  v = 1 
Table V: lnfluence of , (sweep rate)-on the voltammetric behaviour 
N. = k, = lo-=, kg = O, g = o 
E ipx104 ~0 E~ X + S a t E p  
Amp Farad Volt 
The influence of growth rate constant kg on the LSV behaviour when 
No = is presented in Fig. 1.c. When kg 2 10 -~sec -~  the rising 
portion of the voltammetric curve is not noticed. This shows that the system 
behaves reversibly under these conditions. (Table 111) 
Table 111 : lnfluence of k, on the LSV behaviour 
Nucleation-growth effect only. No = lo", k, = 0. g = 0, v = 1 
k~ i x  l o 4  c s x l o 4  E~ X + SEp 
sec 
- 7 
Amp Farad Volt 
lo-z No peak 
lo-3 80.68 80.6 0.03 0.639 
33.73 33.73 0.085 0.620 
24.20 24.20 0.185 0.630 
lo-6 23.03 23.03 0.3 0.619 
lo-' 22.90 22.90 0.42 0.648 
However, this kg value is not unique as the k, value defined in the earlier 
section since here the reversibility may be obtained for a lower kg value as 
*.elf if No is greater and vri-e versa. Mien kg C/U-2ser-' rbepeal-s+ows 
rreversible and quasireversible behaviour (Table 111). The influence of No 
n LSV when kg = 10-"ec ' may be noticed in Table IV 
able 1V: Influence of No on LSV behaviour 
k , = 0 , k g = 1 0 - 6 , g = O v = 1  
Jo i x l o 4  C B X  l o 4  E~ x + s at E~ 
Amp Farad Volt 
&en No j the peak current becomes independent of No and 
:ak shift again reaches 119 mV/decade change. 
3 lnfluence of rweep rate on AM m d  NGOM 
t otherwise identical conditions the peak current decreases with the sweep 
te for both the models (Table V and VI). At higher sweep rates both the 
odels give pseudo capacitance values which are almost independent of 
reep rate. However, at low sweep rates the Cpvalue continuously increases 
ith sweep rate 11.51. 
v i x  l o 4  c sX1o4  E~ x + s at E~ 
Volt sec- ' Amp Farad Volt 
1 1 1.44 11.44 0.505 0.615 
lo-' 1.46 11.46 0.39 0.638 
lo-2 0.115 11.51 0.27 0.624 
0.0121 12.07 0.155 0.629 
- - 
Table VI : lnfluence of kg on the voltammetric behaviour 
kg=  lo-', k,=O, g = O .  No = 10'' 
v i x  l o 4  cnX l o 4  E~ x + s at E) 
Volt sec- ' Amp Farad Volt 
-. 
1 22.84 22.84 0.535 0.601 
10- ' 2.29 22.90 0.42 0.648 
0.23 23.03 0.30 0.619 
0.024 24.20 0.185 0.630 
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In all these aspects, the simulated LSV cruves of AM and NCOM 
closely correspond to the results reported earlier 19 - 15). This establishes the 
fact that the overall expression eq. (19) is essentially correct and should 
represent the combined model. 
3.4 The combined model 
When k,, ks and No all have non-zero values, the LSV behaviour represented 
by equation (19) corresponds to the combined model. Since i, in this model 
is the addition of adsorption and nucleation components, the predominance 
of these components controls the overall current i,. This is clearly noticed in 
Fig. 1. Fig. 1 - 6 presents thecurrent-potential curves for thecombined model 
for a constant value of k, sec-I) and varying values of k,. For k. 2 1 
the mvvaJll cunes are guire similar to the curves in Fig. la  with same k, 
values. For k, = 1 O K '  where Ep for NGOM (0.3 V, see Fig. 1.a and I .cJ the 
current is found to increase continuously and drop suddenly to zero within 
the next 5 mV interval. Similar sudden drop in current is also notices for I 
k, = 1 0 - ~ s e c ' .  Fork, < 10-*sec-l the current component due to k, would 
decrease substantially and the peak current of the combined model 
corresponds to the NCO model (compare Fig. Ib  and Ic). It must also be 
noted that the X + S value or the total surface coverage value is 
substantially greater than 0.66 (Table VII). 
Table VII : lnfluence of k, effect on the voltammetric behaviour combined 
model 
No = 1012, kg = g = 0, v = 1 
ka ipx l o 4  ~ ~ ~ 1 0 ~  E~ X + S at Ep 
sec 
- 7 
Amp Farad Volt 
lo2  17.30 
1 12.20 
lo-' No peak 
lo-z 24.47 
lo-3 23.23 
5x  10-2 
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E! APPENDIX - I 
1 0 0  R E M  A D S O R P T I O N  - N U C L E A T I O N  M O D E L  
1 1 0  D I M  R ( S 0 0 ) , X ( 1 0 0 0 ) , T ( 1 0 0 0 ~ , S H V T ( 5 0 O ~ , C H V ~ ~ ~ 5 O O ~ , S ~ 5 0 0 ~  
1 2 0  R E A D  T ( l ) , X ( l ) , H , N M A X  
1 3 0  R E A D  V ~ , A L , K G , K A , N O , Q M , Q A , G  
1 4 0  V = . 2 5 * 3 8 . 9 3 * V i  
1 5 0  B = 3  1 4 1 5 * ( ( A L * K G * N 0 ) ' 2 / ~ * 2 )  
1 '60 L P R I N T  "KA-"; K A , " K C = " ; K C  
1 7 0  L P R T N T  "Vl=";Vl,"NO=";NO,"C=";C,"QMm";QM. 
l ? 5 L P R I N'?" 
1 8 0  L P R I N T  TAB(2);"S+X";TAB(16);"E'I'A";TAB(33);"IC";TAB(SO);"CAP" 
2 0 0  F O R  N = l  T O  N M A X  
2 1 0  T = T ( N )  
2'20 X = X ( N )  
2 3 0  G O S U B  4 7 0  
2 4 0  S l = H * F  
2 5 0  T = T ( N ) + H I 2  
2 6 0  X = X ( N ) + S 1 1 2  
2 7 0  C O S U B  4 7 0  
2 8 0  S Z = H * F  
2 9 0  T = T ( N ) + H I 2  
3 0 0  X = X ( N ) + S 2 / 2  
3 1 0  G O S U B  4 7 0  
3 2 0  S 3 = H * F  
3 3 0  T = T ( N ) + H  
3 4 0  X = X ( N ) + S 3  
3 5 0  G O S U B  4 7 0  
3 6 0  S 4 = H * F  
3 7 0  T C N + i  ) = T ( N ) + H  
3 8 0  X(N+l)-X,(N)+(S1+2*S2+2*S3+S4)/6 
3 9 0  C O S U B  5 3 0  
4 0 0  ICAl=UA*KA*((R(N)-X(N))*EXP(2*V*T(N)+C*X(N)/2)) 
4 0 5  ICA2=-QA*KA*X(N)*EXP(-2*V*T(N)-C*X(N)I2) 
4 1 0  ICN=16*B*QM*V*R(N)*SHVTtN)'3*CHVT(N) 
4 2 0  I C = I C A l + I C A Z + I C N  
4 3 0  E T A = V l * T ( N )  
4 3 5  C = I C I V l  
4 3 6  X S = l - R ( N ) + X ( N )  
4 5 0  L P R I N T  X+S;TAB(15);ETA;TAB(3O);IC;'TAB(45);C 
4 6 0  N E X T  N 
4 7 0  SHVT=(EXP(V*T)-EXP(-V*T))/2 
4 8 0  S X = q * B * ( S H V T !  '4 
4 9 0  S = 1 - E X P ( - S X )  
4 9 5  IF S + X > = l  O R  S)=l T H E N  S T O P  
5 0 0  R = 1 - S  
5 1 0  FtKA*((R-Xj*EXP(2*V*T+C*XI2)-X*EXP(-2*V*T-G*X/2)) 
5 2 0  R E T U R N  
5 3 0  SHVT(N)=(EXP(V*T(N))-EXP(-V*T(N)~)~~ 
5 4 0  CHVT(N)n(EXP(V*T(N))+EXP(-V*T(N)))/2 
5 5 0  SX=4*B*(SHVT(N))'4 
5 6 0  S ( N ) e l - E X P ( - S X )  
5 7 0  R ( N ) = l - S ( N )  
5 8 0  R E T U R N  
5 9 0  D A T A  0 , 0 , . 0 0 5 , 3 0 0  
6 0 0  D A T A  1 , 3  1 6 E - 0 8 , l E - 0 3 , l E - 0 1 , i E 1 2 , 1 2 6 E - 0 4 , l . d E - 0 4 , O  
6 1 0  S T O P  
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When k, was kept constant and ks was gradually reduced, the peak 
current of the combined model was found to change from predominantly 
NGO control to adsorption control. The behaviour was very similar to the 
one reported above (Table VIII). 
Table VIII : Influence of k, on the voltammetric behaviour combined 
model 
k a ip x 10 I' C g x 1 0 4  E~ X + S  
~ e c -  ' Amp. F d  Volt 
All the parameters were closely vasied to see if under any specific 
condition two peaks could be obtained. However, no such' condition was 
found to exit. 
4. CONCLUSIONS 
A general LSV expression tor AM, NGOM and CM was obtained in the 
work. By proper selection of parameters this expression could be 
used to generate LSV curves for AM, NGOM and CM. The LSV behaviour 
of CM ihich is being reported for the first time suggests at least two criteria 
to distinguish this model from the other two models. When both adsorption 
and nucleation processes operate, the current shows a monotonous incnase 
and suddenly drops to zero. This behaviour is not at all noticed in NGO or 
Adsorption model. Secondly the surface covetage at E would be greater 
than 0.66 whenever CM operates. This condition woulJ not arise in NGO 
Model. However, In the AM when g >  2 the X + S could reach values 
greater than 0.66. In this case, the current peaks would be sharp and quite 
symmetric (Fig. 2) which would enable one to distinguish between AM and 
CM. As long as no induced heterogeneity effects are present, in the combined 
model also only one LSV peak is noticed. The effect of surface heterogeneity 
on LSV charatteristics in combined model is being investigated at present 
and would be reported shortly. 
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